Abstract Columns containing immobilized low-density lipoprotein (LDL) were prepared for the analysis of drug interactions with this agent by high-performance affinity chromatography (HPAC). R/S-Propranolol was used as a model drug for this study. The LDL columns gave reproducible binding to propranolol over 60 h of continuous use in the presence of pH 7.4 0.067 M potassium phosphate buffer. Experiments conducted with this type of column through frontal analysis indicated that two types of interactions were occurring between R-propranolol and LDL, while only a single type of interaction was observed between Spropranolol and LDL. The first type of interaction, which was seen for both enantiomers, involved non-saturable binding; this interaction had an overall affinity (nK a ) of 1.9 (±0.1) × 10 5 M −1 for R-propranolol and 2.7 (±0.2) × 10 5 M −1 for S-propranolol at 37°C. The second type of interaction was observed only for R-propranolol and involved saturable binding that had an association equilibrium constant (K a ) of 5.2 (±2.3)×10 5 M −1 at 37°C. Similar differences in binding behavior were found for the two enantiomers at 20°C and 27°C. This is the first known example of stereoselective binding of drugs by LDL or other lipoproteins. This work also illustrates the ability of HPAC to be used as a tool for characterizing mixed-mode interactions that involve LDL and related binding agents.
Introduction
The interaction of drugs with serum proteins and other binding agents in blood is important in determining the apparent activity, distribution, and pharmacokinetics of many pharmaceutical compounds in the body [1] [2] [3] [4] [5] [6] [7] . Lowdensity lipoprotein (LDL) and related lipoproteins (e.g., high-density lipoprotein, or HDL) are one group of binding agents that are known to interact with drugs and other solutes in serum [7] [8] [9] [10] [11] [12] [13] [14] [15] . As shown in Fig. 1a , LDL consists of a soluble macromolecular complex of proteins (i.e., apolipoproteins) and lipids that transports hydrophobic compounds and lipids such as cholesterols and triacylglycerols (e.g., triglycerides) [7] [8] [9] . LDL and related lipoproteins are also responsible for binding to several basic and neutral hydrophobic drugs [10] . In addition, LDL and HDL are often measured by clinical laboratories as indicators of the various fractions of cholesterol that are present in blood [8] .
One drug that is known to bind to LDL and other lipoproteins is the chiral drug propranolol [16] [17] [18] [19] . The structure of propranolol is provided in Fig. 1b . Prior methods used to examine the interactions of propranolol and other drugs with LDL and HDL have included equilibrium dialysis [16] and capillary electrophoresis carried out in a frontal analysis mode [17] [18] [19] . An alternative approach that will be examined in this report is high-performance affinity chromatography (HPAC). This method makes use of a highperformance liquid chromatography (HPLC) column that contains an immobilized binding agent (e.g., LDL) to which a solution or sample of the drug of interest is applied. Based on the elution profile of the applied drug, it is possible to obtain information on the equilibrium constants and stoichiometry of the interactions that are occurring in the column. HPAC has been successfully used in numerous studies to examine the binding of drugs with serum proteins such as human serum albumin (HSA) and α 1 -acid glycoprotein (AGP) [3] [4] [5] [6] [20] [21] [22] [23] [24] [25] [26] . In a recent report, it has been found that the same approach can be employed with columns containing the lipoprotein HDL [27] . Advantages of this approach include its speed, ease of automation, precision, and good correlation versus solution-phase results for HSA, AGP, and HDL [3, 5, 6, 20, 21, 24, 27] .
In this study, HPAC will be employed as a tool to study the interactions of propranolol with LDL. This work will adapt methods that have been previously used to examine drug interactions with immobilized HDL [27] and HSA or AGP [3] [4] [5] [6] [20] [21] [22] [23] [24] [25] [26] . After LDL has been immobilized to HPLC-grade silica, the stability of the resulting columns will be examined through zonal elution studies. The same types of columns will then be used in frontal analysis experiments to examine the binding mechanisms for LDL with Rand S-propranolol at various temperatures. The results will be compared with data obtained in previous work using soluble LDL. This information should provide important clues regarding the nature of the interactions between Rand S-propranolol with LDL in the circulation. The results of this report should also make it possible to determine the potential advantages and limitations of using immobilized LDL columns with HPAC for drug binding studies, including those that involve chiral pharmaceutical agents.
Experimental

Chemicals
The human LDL (catalog number L7914, lot no. 036 K1143), bovine serum albumin (BSA), and separate enantiomers of R-and S-propranolol were purchased from Sigma (St. Louis, MO, USA). The Nucleosil Si-500 silica (7 μm particle diameter, 500 Å pore size) was from Macherey Nagel (Düren, Germany). Reagents for the bicinchoninic acid (BCA) protein assay were from Pierce (Rockford, IL, USA). The total cholesterol assay kit was purchased from Wako (Richmond, VA, USA). All other chemicals were of the highest grades available. All solutions were prepared using water from a Nanopure purification system (Barnstead, Dubuque, IA, USA) that was filtered using Osmonics 0.22 μm nylon filters from Fisher Scientific (Pittsburgh, PA, USA).
Instrumentation
The chromatographic system utilized in zonal elution studies consisted of a PU-980 pump (Jasco, Tokyo, Japan), a LabPro injection valve (Rohnert Park, FL, USA), and a UV/ vis SpectroMonitor 3200 variable wavelength absorbance detector from LDC Thermoseparations (Riviera Beach, FL, USA). The chromatographic system utilized in the frontal analysis studies consisted of two 510 HPLC pumps (Waters, Milford, MA, USA), an F60-AL injection valve (Vici, Houston, TX, USA), a CH-500 column heater (Eppendorf, Hauppauge, NY, USA), and a Waters 2487 UV/vis variablewavelength absorbance detector. Chromatographic data were collected using Waters Empower software and were processed using programs based on Labview 5.1 or 7.0 (National Instruments, Austin, TX, USA). Support materials were placed into columns using a slurry packer from Alltech (Deerfield, IL, USA).
Preparation of immobilized LDL
The Schiff base method was used to prepare the LDL silica, as based on an approach similar to the one developed in Chen et al. [27] for the immobilization of HDL. First, diolbonded silica was prepared from Nucleosil Si-500 silica, as described previously [25] . A 0.3-g portion of the diolbonded silica was placed into 6 mL of a 90:10 (v/v) mixture of acetic acid and water, to which was added 0.3 g periodic Fig. 1 Structures of a low-density lipoprotein (LDL) and b propranolol. As shown in a, the specific type of apolipoprotein that is present in LDL is apolipoprotein B100 (apoB100). Other lipoproteins have similar structures but may contain different apolipoproteins. In b, the asterisk indicates the location of the chiral center in propranolol acid. This mixture was sonicated under vacuum for 20 min and shaken for over 2 h in the dark at room temperature. The resulting aldehyde-activated silica was washed four times with water and four times with pH 6.0 0.10 M potassium phosphate buffer. The aldehyde silica was placed in 1 mL of pH 6.0 0.10 M potassium phosphate buffer and sonicated for 5 min under vacuum. A 20-mg portion of sodium cyanoborohydride was added, followed by the addition of 5 mg LDL. This mixture was shaken in the dark at 4°C for 7 days. The resulting LDL support was washed four times with pH 7.0 0.10 M potassium phosphate buffer. A 5.2-mg portion of sodium borohydride was dissolved into 2 mL of pH 7.0 0.10 M potassium phosphate buffer and slowly added to the LDL support to reduce any remaining aldehyde groups that were still present on the silica. This mixture was shaken for 90 min at room temperature. The final LDL support was washed six times with pH 7.0 0.10 M potassium phosphate buffer and stored in the same pH 7.0 buffer at 4°C until use. Diol silica was utilized as a control support in these studies.
The protein content of the LDL support was evaluated in triplicate by using a BCA protein assay [28] and BSA solutions prepared in pH 7.4 0.067 M potassium phosphate buffer as the standards, with diol silica samples being used as the blanks. All samples and standard solutions were filtered through a 0.2-μm nylon filter prior to obtaining absorbance readings in this assay. The cholesterol content of the LDL support was evaluated in triplicate using Wako Cholesterol E assay kit and diol silica as the blank [29] . The samples and standards were allowed to react in this assay according to the manufacturer's instructions and then filtered through a 0.2-μm nylon filter prior to absorbance measurements. Based on work with other agents such as HSA, the immobilization scheme that was used in this report is known to have good batch-to-batch reproducibility, producing a typical variation of only 5-10% in protein content for silica supports similar to those utilized in this study [4, 24, 25] .
Chromatographic studies
The LDL support and control support were downward slurry-packed at 3,000 psi into 100 mm×2.1 mm i.d. stainless steel columns using pH 7.4 0.067 M potassium phosphate buffer as the packing solution. Separate LDL columns and supports were used for the zonal elution and frontal analysis studies but were prepared from the same batch of LDL and silica and by using the same immobilization method. The columns were stored in pH 7.4 0.067 M phosphate buffer at 4°C. Before each experiment, these columns were equilibrated at the specified temperature for a given study. All mobile phases were filtered through Osmonics 0.22-μm nylon filters and degassed under vacuum prior to use. The wavelength utilized to monitor the elution of R-or Spropranolol was 225 nm. The elution of sodium nitrate, which was employed as a non-retained solute, was monitored at 205 nm.
The zonal elution experiments that were used to evaluate the stability of the LDL columns were carried out using a mobile phase that consisted of a pH 7.4 0.067 M potassium phosphate buffer. This mobile phase was continuously applied to a 100×2.1 mm i.d. column containing the LDL support over the course of 60 h at 37°C. A 20-μL portion of 50 μM R-propranolol was injected onto an LDL column and a control column at 1.0 mL/min under these conditions while the retention of the injected drug was monitored. The column void time, which was 23.2 (±0.5)s at 1.0 mL/min, was determined by injecting a 20-μL sample of 50 μM sodium nitrate onto the LDL column and control column. The retention time for each peak was found by using its central moment, as determined by utilizing Peakfit 4.12 software (Systat Software, San Jose, CA).
The frontal analysis studies were carried out in triplicate by using 100×2.1 mm i.d. LDL columns or control columns. These studies were conducted at 20°C, 27°C, or 37°C and at 1.0 mL/min in the presence of a mobile phase that consisted of pH 7.4 0.067 M potassium phosphate buffer. A total of nine solutions containing 0.2-25 μM R-or S-propranolol in the mobile phase were applied to the LDL column and control column. Similar propranolol concentrations have been used in previous frontal analysis studies with HDL columns [27] . The lower end of this range corresponded to approximately the lowest concentration at which the breakthrough times for Rand S-propranolol could reliably be measured on the chromatographic system. The upper end of this concentration range overlapped with the propranolol concentrations that have been used in CE/frontal analysis studies [17] while still providing a signal that was within the linear response of the detector for the HPAC system.
The retained drug in the frontal analysis experiments was eluted by passing only pH 7.4 0.067 M potassium phosphate buffer through the column prior to the next frontal analysis experiment. The amount of drug that was required to saturate the LDL column or control column was determined by integration of the resulting breakthrough curve [3] by using Labview 5.1. Corrections were made for the void time and non-specific binding of propranolol to the support by subtracting the breakthrough time of the control column from that of LDL column at each concentration of applied drug, as described in previous work with propranolol on similar HDL columns [27] . For instance, based on this correction, the non-specific binding of R-or S-propranolol to the support made up approximately 12% of the total binding noted on the LDL column at an applied analyte concentration of 25 μM. This extent of non-specific binding was easily corrected by the approach used in this study [27] . The precision of the frontal analysis measurements varied between ±0.1% and ±14% at all the conditions that were examined, with typical precisions for most experiments being ±4-5% or less and with the precision at even the lowest tested concentrations being ±1-7%.
Results and discussion
General properties of the LDL support
The composition of the LDL support was examined by using both a BCA protein assay and a cholesterol assay. Based on the protein assay, the support was found to contain 6.9 (±0.4)mg protein per gram silica. This amount corresponded to 27.7 (±1.6)mg or 12 (±1)nmol of LDL per gram silica, as based on an average molar mass of 2.3×10 6 g/mol for LDL and a typical apolipoprotein content of 25% for LDL particles [17] . The cholesterol content of the same support was 7.2 (±1.1)mg cholesterol per gram silica. This cholesterol level corresponded to 16 (±2.4)mg of LDL per gram silica, as based on a typical cholesterol content of 45% for LDL particles [7, 8, 10, 14, 17] . A similar difference in the estimated lipoprotein levels when using the cholesterol assay versus the protein assay has been noted in a previous study employing immobilized HDL [27] . The nK a values reported later in this report were determined using the amount of immobilized LDL based on the protein assay, with nK a values based on the cholesterol assay being 40% lower.
The stability of this lipoprotein support in a chromatographic system was examined by using zonal elution experiments in which periodic injections of R-propranolol were made onto an LDL column under controlled temperature and flow rate conditions. Figure 2 shows the observed retention for 20-μL injections of 50 μM R-propranolol as a function of time for the LDL column when this column was used at 1 mL/min for over 60 h at 37°C. The first injection of 50 μM R-propranolol occurred after 10 mL of mobile phase (i.e., a time of 10 min at 1.0 mL/min) had been passed through the freshly prepared LDL column. Over the next 60 h of continuous use, the LDL column gave reproducible retention for R-propranolol with a variation of only ±2%. The average retention time under these conditions was 90.5 (±1.8)s, which corresponded to a retention factor of 2.90 (±0.06) (note: comparable retention has been noted in prior work with propranolol on HPAC columns containing immobilized HDL) [27] . The amount of mobile phase that was passed through the LDL column during this period of time was 3.6 L, which corresponded to 1.6 × 10 4 column volumes. This result indicated that the LDL column was sufficiently stable for drug binding studies under such conditions. A similar conclusion was reached in prior work examining the stability of immobilized HDL in HPAC columns [27] .
Frontal analysis studies
Frontal analysis studies were next conducted to evaluate the binding of R-or S-propranolol to the immobilized LDL support. Figure 3 shows typical frontal analysis breakthrough curves that were obtained on a new LDL column. These results were collected within the period of time during which the LDL support was noted to be stable in the previous section (i.e., when less than 3,600 mL of mobile phase had passed through the column). The moles of applied analyte (m Lapp ) that were required to reach the mean position of each breakthrough curve were then used along with the known concentration of the applied drug ([D]) to generate binding isotherms and to fit the data to various binding models to determine the types of interactions that were occurring between LDL and R-or S-propranolol. for R-and S-propranolol were prepared using the frontal analysis data. Examples of such graphs are given in Fig. 4 . These plots were fit to equations representing four different binding models, as summarized in Table 1 and Eqs. 1-4. For instance, a model involving saturable binding at a single type of site (Eq. 2) was examined because this may have been present if a drug were undergoing site-specific binding to apolipoproteins on the surface of LDL [16] [17] [18] 27] . A saturable two-site binding model (Eq. 4) was used to depict site-specific binding of a drug to multiple locations, as might occur if apolipoproteins contained two distinct binding regions for the applied drug. Another possible interaction that was considered was one in which non-saturable binding (Eq. 1) was present between the drug and interior hydrophobic core of LDL [16] [17] [18] 27] . A mixed-mode model was also considered in which a combination of saturable sites and a group of non-saturable interactions were present (Eq. 3), as noted earlier for various drugs with HDL [17] . The corresponding association equilibrium constants, binding capacities, or overall affinities that were obtained for each model are summarized in the Electronic supplementary material in Tables S1 and S2. The quality of each fit was examined and compared by using the correlation coefficients for the fits, the overall residual values, and the distribution of the data about the best-fit line for each model. The parameters for the models that provided the best-fits to the data are given in Table 2 .
R-Propranolol was found to undergo multiple types of interactions with the immobilized LDL, as demonstrated through a comparison of the various binding models in Fig. 5a-d . R-Propranolol showed the best fit to a mixedmode model that involved both saturable sites and nonsaturable binding. It should be noted that the mixed-mode model for the saturable and non-saturable interactions, as shown in Fig. 5d , gave the same correlation coefficient and residual plot as the two-site saturable model, as given in Fig. 5c (e.g., values for r of 0.9998). However, the best-fit equilibrium constants that were obtained for these two models resulted in a much better precision for the saturable/nonsaturable model (e.g., see the standard deviations listed in the Electronic supplementary material and Table S1 for K a1 , m L1 , and nK a in this model versus those values listed for the best-fit parameters in a model based on two groups of Table 2 . The precision of binding capacities that were acquired to form these plots were within the range of ±0.1% to ±14%, with typical values for most experiments being in the range of ±4-5% or less saturable sites). The apparent similarities in these two fits can be explained by the fact that Eq. 4 in Table 1 for the two-site saturable model approaches in Eq. 3 for a model based on saturable/non-saturable interactions as the term K a2 [D] in the denominator of Eq. 4 becomes much less than 1. Under these conditions, the term for the second interaction in Eq. 4 is now mathematically equivalent to the non-saturable term in Eq. 3. This type of situation was noted to occur in the fit of the two-site saturable model to the R-propranolol/LDL data and explains the large uncertainly that resulted for this fit. This observation also explains why the residual plots in Fig. 5c -d for these two cases were so similar, because they were actually describing the same overall model in which there was a relatively high affinity saturable site and lower affinity, essentially non-saturable binding. A similar comparison made for S-propranolol indicated that this drug gave the best fit to a model for a single type of interaction involving non-saturable binding. For the S-propranolol/LDL interactions, each model depicted in Table 1 gave essentially the same correlation coefficient and residual plot (e.g., values for r greater than 0.9985). However, the bestfit equilibrium constants that were obtained for models other than the non-saturable binding model had large variations in their values (e.g., see the standard deviations listed in the Electronic supplementary material and Table S2 for the estimated equilibrium constants and binding capacities of these models versus the values listed for nK a in a model based on only non-saturable binding). This can be explained by the fact that Eqs. 2-4 in Table 1 for one-site saturable binding, saturable/non-saturable binding, and two-site saturable binding can all approach Eq. 1 for a model based only on nonsaturable interactions. This latter situation occurs when
become much smaller than 1 in the denominators of Eqs. 2-4 and as the term for site-specific binding in Eq. 3 becomes much smaller than the term for non-saturable interactions. It was found through this approach that the data for S-propranolol at all of the temperatures examined consistently gave the best fit with Eq. 1 and a non-saturable model. The same conclusion was reached when using double-reciprocal plots of 1/m Lapp versus 1/[D]. With this second group of plots, a linear response with an intercept of zero was again obtained for Table 1 Binding models used to fit frontal analysis data for R-propranolol and S-propranolol on LDL columns
Binding model
Predicted response
Single group of saturable sites
Two groups of saturable sites
Symbols: m Lapp moles of applied analyte required to reach the mean position of the breakthrough curve; m L1 total moles of active binding site 1; K a1 association equilibrium constant for saturable binding of the analyte to the ligand at site 1; [D], concentration of the applied drug; m L2 total moles of active binding site 2; K a2 association equilibrium constant for saturable binding of the analyte to the ligand at site 2; K a association equilibrium constant for the analyte in a non-saturable interaction In the value for nK a , (i.e., the overall affinity for a non-saturable interaction), the values of m L1 and m L2 in Eqs. 1 and 3 of Table 1 were converted into the moles of analyte or drug per binding agent (n) by dividing the best-fit result for m L1 K a or m L2 K a by the estimated moles of LDL. This latter value was obtained by using the protein content of the LDL support, a typical protein content for LDL of 25% (w/w), and an average molar mass for LDL of 2.3×10 6 g/mol [17] . The better precision noted for nK a versus K a1 for R-propranolol probably reflects the greater contribution made by the non-saturable versus saturable interactions at many of the drug concentrations used in this study S-propranolol, as would be predicted for a non-saturable model but not for one that involved any saturable interactions [27] .
Equilibrium binding constants and temperature studies Table 2 summarizes the best-fit results that were obtained for R-and S-propranolol with LDL according to the most representative models for these interactions. For R-propranolol, its saturable interaction with LDL had an association equilibrium constant (K a1 ) of 5.2 (±2.3)×10 5 M −1 at 37°C, which represented relatively high affinity binding. This binding was probably occurring between R-propranolol and apolipoprotein B100 (apoB100) on LDL, as suggested by a comparison of the measured binding capacity of LDL during this interaction versus the moles of apoB100 that were present in the LDL column. For instance, the total moles of these binding sites were consistently in the range of 0.7 to 3.0 nmol for R-propranolol between 20°C and 37°C (average, 1.6 nmol). This value was in the same range as the amount of LDL that was estimated to be present in the column (i.e., 1.9 (±0.1)nmol), where each LDL particle typically contains one apoB100 molecule [7] . Similar saturable binding of propranolol with apolipoproteins has been suggested in prior work with immobilized HDL [27] . The second type of interaction seen for R-propranolol with LDL had an overall affinity (nK a ) of 1.9 (±0.1)× 10 5 M −1 at 37°C, which represented non-saturable binding.
This second type of binding was believed to occur between R-propranolol and phospholipids or the non-polar core of LDL, as suggested in previous work examining the binding of R/S-propranolol and other drugs with both LDL and HDL [16, 17, 27] . A comparable overall affinity of 2.7 (±0.2)× 10 5 M -1 was obtained in this study for the non-saturable binding of S-propranolol with LDL at 37°C. The effect of temperature on the interactions between Rand S-propranolol and LDL was also examined. As shown in Table 2 , it was found that a moderate change in temperature did not have a significant effect on the equilibrium constants, binding capacities, or binding models that were obtained for R-and S-propranolol with LDL between 20°C and 37°C. At each temperature that was employed in this current report, the binding models listed in Table 2 for the same type of interaction of these enantiomers with immobilized HDL [27] . However, this result was expected based on the results of previous studies that have compared drug binding by LDL versus HDL [16, 17] and the fact that LDL has a much larger portion of hydrophobic components (i.e., cholesterol and triacylglycerides) than HDL [7] [8] [9] 17] . Although LDL and HDL also contain different types of apolipoproteins [7] , the K a1 values measured for the saturable binding of R-propranolol with LDL were similar to values of 1.4-1.9×10 5 M −1 that have been estimated for saturable binding by the same solute with HDL [27] . In addition, the range of K a1 and nK a values estimated in this study agreed with the range of 1-4×10 5 M −1 in overall affinities that have been reported at pH 7.4 and 25°C to 37°C for R-and S-propranolol with soluble LDL when using only a non-saturable binding model [16, 17] . The fact that R-and S-propranolol consistently followed different binding models in this report supports the observation that the binding of propranolol to LDL is stereoselective. This stereoselectivity was created by the fact that only the R-enantiomer had significant saturable binding to LDL under the conditions of this study (e.g., as probably took place at apoB100). In earlier studies with HDL, both Rand S-propranolol were found to undergo two types of interactions: a saturable interaction that probably involved apolipoproteins and a non-saturable, partition-like interaction. However, no chiral selectivity has been observed for R/ S-propranolol with HDL [27] . Prior work examining the binding of propranolol with LDL has either used a racemic preparation of this drug [16] or has found no significant differences in the binding of R-and S-propranolol to LDL when using only a non-saturable binding model [17] . This latter result is not surprising given the similarity in the binding constants that were seen in this present report for the saturable and/or non-saturable interactions of R-and Spropranolol with LDL.
The fact that stereoselective binding was seen in this report for R-and S-propranolol with LDL but not in prior work with HDL that also used a mixed-mode model [27] can be explained by the fact that different types of apolipoproteins are present in HDL and LDL. For instance, HDL may contain up to five to six apolipoproteins per particle, with these apolipoproteins consisting of ApoA1, ApoA2, ApoE, and ApoC [7] . LDL contains only one apolipoprotein molecule per particle (i.e., ApoB100) [7] . The ability of apoB100 to specifically bind to hormones and drug-like compounds has been previously noted for a number of steroids, including 17-β-estradiol, testosterone, and progesterone [30] [31] [32] . However, the results of this study are believed to be the first instance in which stereoselective interactions with apoB100, apolipoproteins, or lipoprotein particles have been observed.
Conclusions
In this report, LDL was immobilized in chromatographic columns and examined for use in drug binding studies, with R-and S-propranolol being used as model solutes for this work. It was found that an LDL column could be used over at least 60 h of continuous operation without any significant loss of retention for R-propranolol. The use of this type of column in frontal analysis studies indicated that R-and Spropranolol had two distinct types of interactions with LDL. Each of these drug enantiomers had non-saturable binding with LDL, which was believed to be due to interactions with the phospholipids or the non-polar core of LDL. A second type of interaction was observed only with R-propranolol and involved saturable binding. This saturable interaction had an association equilibrium constant of 4.3-5.
at 20°C to 37°C. The overall affinities for the non-saturable interactions of R-and S-propranolol were similar and ranged from 1.9-3.5×10 5 M −1 at 20°C to 37°C. These values showed good agreement with binding constants that have been reported for propranolol when using a similar mixedmode model for immobilized HDL [27] and with the overall affinities that have been measured for soluble LDL based on a non-saturable model [16, 17] . The differences seen in the binding of R-and S-propranolol to LDL, particularly with regard to the presence or absence of measurable saturable interactions, indicated that this binding was stereoselective. It is well known that chiral selectivity can occur as drugs bind to serum proteins such as HSA and AGP [3, 4, 33, 34] . However, this report is the first known example of chiral selectivity being seen for LDL or any other lipoprotein. The stoichiometry of the saturable interactions for R-propranolol with LDL suggested that this stereoselectivity was due to the binding of R-propranolol to apoB100. Thus, this work is also the first possible example of chiral interactions that involve the binding of a drug with an apolipoprotein. Future work with similar HPAC columns could be carried out using zonal elution and competition studies [3, 4, 24, 25] to further examine the interactions of R-and S-propranolol on LDL, as well as the possible interaction of R-propranolol with other solutes known to bind to apoB100 (e.g., testosterone, 17-β-estradiol, and progesterone) [30] [31] [32] .
This report illustrated the ability of HPAC to be used as a tool for characterizing mixed-mode interactions that involve LDL and related binding agents. As noted in prior work with HDL columns [27] , this approach can provide analysis times of only a few minutes per run (e.g., see examples in Figs. 2 and 3) . The LDL columns developed in this report were also sufficiently stable to be used for hundreds of experiments. This feature produced a significant reduction versus current methods in the amount of ligand that was needed for a large number of experiments. For instance, the CE/frontal analysis studies in Ohnishi et al. [17] were conducted using 150 nmol LDL per analysis. In contrast, one column in this current report contained 350 nmol LDL and was typically utilized for more than 160 experiments, or an average of less than 2.2 nmol LDL per analysis. Use of the same LDL columns for multiple studies made it possible to minimize run-to-run variations. In addition, it was possible to use these columns with standard HPLC detectors to provide good limits of detection during the binding studies [3, 4, 27] . The combined result of these advantages was the ability to quickly obtain precise data over a variety of drug concentrations, which helped lead to the identification of mixed-mode interactions and stereoselective binding between LDL and R-or S-propranolol. These same features should make similar HPAC columns and methods valuable in future studies examining the binding of other drugs and solutes with LDL or alternative lipoproteins.
